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Modeling and Analysis of Custom Power Systems
by PSCAD/EMTDC

Olimpo Anaya-Lara and E. Acha

Abstract—This paper addresses the timely issue of modeling ciple [6], and the SSTS are the controllers which have received
and analysis of custom power controllers, a new generation the most attention. PSCAD/EMTDC [4], [5] has been used in

of power electronics-based equipment aimed at enhancing the this paper to perform the modeling and analysis of such con-
reliability and quality of power flows in low-voltage distribution trollers f d f fi diti

networks [2], [3]. The modeling approach adopted in the paper is rofiers for a wide range ot operating conditions.
graphical in nature, as opposed to mathematical models embedded PSCAD/EMTDC's highly developed graphical interface has
in code using a high-level computer language. The well-developed proved instrumental in implementing the graphics-based PWM
graphic facilities available in an industry standard power system control reported in this paper for the D-STATCOM and DVR.
package, namely PSCAD/EMTDC, are used to conduct all aspects y; rg|ias only on voltage measurements for its operation, i.e., it

of model implementation and to carry out extensive simulation d t - fi ts (71 A itivit
studies. Graphics-based models suitable for electromagnetic tran- oes not require reactive power measurements [7]. A sensitivity

sient studies are presented for the following three custom power analysis is carried out to determine the impact of the dc capac-
controllers: the distribution static compensator (D-STATCOM), itor size on D-STATCOM performance. In the case of the DVR,
the dynamic voltage restorer (DVR), and the solid-state transfer g constant dc source is assumed to provide the dc voltage; there-
switch (SSTS). Comprehensive results are presented to assess th?ore this analysis is not considered. With respect to the SSTS
performance of each device as a potential custom power solution. ’ L . !
the control scheme is implemented based on the detection of a

The paper is written in a tutorial style and aimed at the large . Lo
PSCAD/EMTDC user base. fault condition developing in the energy supply system.

Index Terms—Custom power, distribution static compensator

(D-STATCOM), dynamic voltage restorer (DVR), PWM, solid- IIl. PSCAD/EMTDC SMULATION TooL

state transfer switch (SSTS), voltage source converter. PSCAD/EMTDC is an industry standard simulation tool for
studying the transient behavior of electrical networks. Its graph-
I. INTRODUCTION ical user interface enables all aspects of the simulation to be con-

) ducted within a single integrated environment including circuit
T HE last decade has seen a marked increase on the Qesemply, run-time control, analysis of results, and reporting.
ployment of end-user equipment that is highly sensitigs comprehensive library of models supports most ac and dc
to poor quality control electricity supply. Several large induss¢ power plant components and controls, in such a way that
trial users are reported to have experienced large financial I0SE&&T5  custom power, and HVDC systems can be modeled
as a result of even minor lapses in the quality of electricityiy, speed and precision. It provides a powerful resource for
supply [2], [3], [8]- A great many efforts have been made t9sgegsing the impact of new power technologies in the power
remedy the situation, where solutions based on the use of fhgork.
latest power electronic technology figure prominently. '”deed’Simplicity of use is one of the outstanding features of
custom power technology, the low-voltage counterpart of thescAp/EMTDC. Its great many modeling capabiliies and
more widely known flexible ac transmission system (FACTS)jghiy complex algorithms and methods are transparent to
technology, aimed at high-voltage power transmission appliGe jser, leaving him free to concentrate his efforts on the
tions, has emerged as a credible solution to solve many of tie, v sis of results rather than on mathematical modeling. For
problems relating to continuity of supply at the end-user levghe nyrpose of system assembling, the user can either use the
Both the FACTS and custom power concepts are directly crgdzye pase of built-in components available in PSCAD/EMTDC
ited to EPRI [1], [2]. , _or to its own user-defined models. Indeed, the thrust of
At present, a wide range of very flexible controllers, whicly,.q paper is to share with the large PSCAD/EMTDC user
capitalize on newly available power electronics components, %r@mmunity our user-defined models for custom power ap-
emerging for custom power applications. Among these, the diSjications, which are not yet available as standard models
tribution static compensator (D-STATCOM) and the dynamigisin pSCAD/EMTDC. In this respect, one of the aims of
voltage restorer (DVR), both of them based on the VSC prigse paper is to act as a tutorial in the subject of custom power
modeling using PSCAD/EMTDC. For newcomers to the use

. . _ of PSCAD/EMTDC, it is recommended that the very useful,
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A. D-STATCOM ; fﬁl‘ :
In its most basic form, the D-STATCOM configuration con- i\ ssTS |

sists of a two-level VSC, a dc energy storage device, a coupling
transformer connected in shunt with the ac system, and asﬁ@.'& Schematic representation of the SSTS as a custom power device.
ciated control circuits [7]-[10]. More sophisticated configura-
tions use multipulse and/or multilevel configurations [11], [12]. ]
Fig. 1 shows the schematic representation of the D-STATCOM. The VSC generates a three-phase ac output voltage which
The VSC converts the dc voltage across the storage device iftgontrollable in phase and magnitude. These voltages are in-
a set of three-phase ac output voltages. These voltages arle¢ted into the ac dlstr_lbut|0n system in order to mal_ntaln the
phase and coupled with the ac system through the reactanctP8f! voltage at the desired voltage reference. The main features
the coupling transformer. Suitable adjustment of the phase d&{dhe DVR control scheme implemented in this paper are ex-
magnitude of the D-STATCOM output voltages allows effed?lained in Section IV.
tive control of active and reactive power exchanges between the
D-STATCOM and the ac system.

The VSC connected in shunt with the ac system provides a
multifunctional topology which can be used for up to three quite The SSTS can be used very effectively to protect sensitive

IV. SOLID-STATE TRANSFERSWITCH

distinct purposes [13], [19]: loads against voltage sags, swells and other electrical distur-
1) voltage regulation and compensation of reactive power?ances [17], [18]. The SSTS ensures continuous high-quality
2) correction of power factor; power supply to sensitive loads by transferring, within a time
3) elimination of current harmonics. scale of milliseconds, the load from a faulted bus to a healthy

The design approach of the control system determines the ?)ﬁiw_e. The basic configuration of this device consists of two

orities and functions developed in each case. In this paper, Eee-phase solid-state switches, one for the main feeder and
one for the backup feeder. These switches have an arrangement

D-STATCOM is used to regulate voltage at the point of con—f back-to-back ted thvrist illustrated in th
nection. The control is based on sinusoidal PWM and only rg Pac t o;j_ac connt(:ep 63 ynstors, as tlustrated inthe
quires the measurement of the rms voltage at the load pointsg ematic diagram ot F1g. 5. . .
. . : ach time a fault condition is detected in the main feeder,
explained in Section V. o . . .
the control system swaps the firing signals to the thyristors in
both switches, i.eSwitch lin the main feeder is deactivated and
Switch 2in the backup feeder is activated. The control system
The DVR is a powerful controller that is commonly used fomeasures the peak value of the voltage waveform at every half-
voltage sags mitigation at the point of connection [14]-[16]. Theycle and checks whether or not it is within a prespecified range.
DVR employs the same blocks as the D-STATCOM, but in thi§ it is outside limits, an abnormal condition is detected and the
application the coupling transformer is connected in series wiiing signals to the thyristors are changed to transfer the load to

the ac system, as illustrated in Fig. 2. the healthy feeder.

B. Dynamic Voltage Restorer
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Fig. 4. Control scheme and test system implemented in PSCAD/EMTDC to carry out the D-STATCOM simulations.

V. SINUSOIDAL PWM-BASED CONTROL B and C are shifted by 240and 120, respectively. It can be

This section describes the PWM-based control scheme Wgﬁen in Fig. 4 that the control implementation is kept very simple

reference to the D-STATCOM. The control scheme for the DVBY using only voltage measurements as the feedback variable in
follows the same principle. The aim of the control scheme is [Be ;:orlnrorllscheme. Tlhe Tpeﬁd of r_est%ons_e ar|1dt_robustn<|atss ofthe
maintain constant voltage magnitude at the point where a serfgMitrol scheme are clearly shown in the simulation resufts.

tive load is connected, under system disturbances. The control

system only measures the rms voltage at the load point [7], i.e., VI. TEST CASES

no reactive power measurements are required [9]. The VSGryig section is divided into three parts. Simulations relating to
switching strategy is based on a sinusoidal PWM technidyg, p.sTATCOM are presented first. This is followed by simu-
which offers simplicity and good response. Since custom poWgfinns carried out for the DVR and then for the SSTS. Compre-

is a relatively low-power application, PWM methods offer @angive results are presented to assess the performance of each
more flexible option than the fundamental frequency switching.ice as a Custom Power solution.

(FFS) methods favored in FACTS applications. Besides, high

switching frequenqes can be qsed _to improve on the efﬂuen}g\y D-STATCOM Simulations and Results

of the converter, without incurring significant switching losses.

Fig. 4 shows the test system and D-STATCOM controller Fig. 4 shows the test system implemented in PSCAD/
implemented in PSCAD/EMTDC. The D-STATCOM controlEMTDC to carry out simulations for the D-STATCOM. The
system exerts voltage angle control as follows: an error sigi@pt system comprises a 230 kV transmission system, rep-
is obtained by comparing the reference voltage with the rrfgsented by a Thévenin equivalent, feeding into the primary
voltage measured at the load point. The PI controller proces§ide of a 3-winding transformer. A varying load is connected
the error signal and generates the required adgle drive O the 11 kV, secondary side of the transformer. A two-level
the error to zero, i.e., the load rms voltage is brought back &sSTATCOM is connected to the 11 kV tertiary winding to
the reference voltage. In the PWM generators, the sinusoid#pvide instantaneous voltage support at the load point. A 750
signal veontror is phase-modulated by means of the angle #F capacitor on the dc side provides the D-STATCOM energy
The modulated signal..:.; is compared against a triangulastorage capabilities.

signal (carrier) in order to generate the switching signals for The set of switches shown in Fig. 4 were used to assist
the VSC valves. different loading scenarios being simulated with ease. To show

The main parameters of the sinusoidal PWM scheme are the effectiveness of this controller in providing continuous
amplitude modulation indes,, of signalv..n:.;, and the fre- Vvoltage regulation, simulations were carried out with and with

quency modulation index ; of the triangular signal. The am- N0 D-STATCOM connected to the system.

plitude indexm,, is kept fixed at 1 pu, in order to obtain the A setof simulations was carried out for the test system shown
highest fundamental voltage component at the controller outpdt~ig. 4. The simulations relate to three main operating condi-
[19], [20]. The switching frequency: is set at 450 Hzp p =  tiONs.

9. It should be noted that, in this paper, balanced network and1) Inthe simulation period 300-600 ms, the load is increased
operating conditions are assumed. The modulating ariglap- by closingSwitch D In this case, the voltage drops by
plied to the PWM generators in phase A. The angles for phases almost 27% with respect to the reference value.
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2) At 600 ms, theswitch D is opened and remains soFig. 7. Influence of capacitor size on D-STATCOM harmonic generation.
throughout the rest of the simulation. The load voltage is

very close to the reference value, i.e., 1 pu. By way of example, Fig. 5(b) shows the regulated rms voltage
3) Inthe simulation period 9001200 n&witch Bis closed, corresponding to a 750F capacitor, where a rapid regulation
connecting a capacitor bank to the high voltage side of thgsponse is obtained and transient overshoots are almost
network. The rms voltage increases 27% with respect fynexistent. This contrasts with cases where the capacitor is
the reference voltage. undersized. For instance, Fig. 6 shows the rms voltage for the
Fig. 5(a) shows the rms voltage at the load point for the caggse when a 75F capacitor is employed.
when the system operates with no D-STATCOM. Similarly, A sluggish response and large transient overshoots are ob-
a new set of simulations was carried out but now with theerved, together with high harmonic distortion and unrealistic
D-STATCOM connected to the system. The results are showsltage ripple in the dc capacitor. In order to characterize fur-
in Fig. 5(b), where the very effective voltage regulation praher the impact of capacitor size on harmonic generation, ex-
vided by the D-STATCOM can be clearly appreciated. Whe@nsive simulation results were performed to aid these investi-
the Switch Dcloses, the D-STATCOM supplies reactive powegations. Fig. 7 presents a summary of results where capacitor
to the system, and wheBwitch Dopens andwitch Bcloses, sizes ranging from 5 to 5000F, with 25 F step sizes, were
the D-STATCOM absorbs reactive power in order to get themployed. It has been observed that the D-STATCOM exhibits
voltage back to reference. In spite of sudden load variatiorgyery different harmonic generation behavior when it acts as
the regulated rms voltage shows a reasonably smooth profiesource of reactive power than when it draws reactive power
where the transient overshoots are almost nonexistent. Thsm the ac system. Hence, two plots are shown in Fig. 7, where
magnitude of these transients is kept witkt6% with respect a consistently lower voltage total harmonic distortion (VTHD)
to the reference voltage. In fact, they do not last for more th@gpresent when the D-STATCOM draws reactive power from
two cycles. the ac system (swell mitigation). It can be observed from this
1) Capacitor Sizing Based on Simulations1 order to figure that there is a point when further increases in capacitor

gain insight into the influence that capacitor size has @ize do not yield any further VTHD reductions.
D-STATCOM performance, several simulations were carried

out in PSCAD_/_EMTDC using the same test s_ystem a_rg DVR Simulations and Results

operating conditions as those used in the previous section.

Extensive simulations were carried out to identify the most Fig. 8 shows the test system used to carry out the various DVR
suitable capacitor size, aiming at minimizing waveform distosimulations presented in this section. The DVR coupling trans-
tion and keeping transient overshooting at minimum valug®rmer is connected in delta in the DVR side, with a leakage
It should be noted that no filters have been included in theactance of 10%. A unity transformer turns ratio was used, i.e.,
test circuit in order to gain a better understanding of the rote booster capabilities exist. The capacity of the dc storage de-
that capacitor size plays on harmonic distortion generatiorice is 5 kV. Two simulations are carried out as follows.
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Fig. 8. Control scheme and test system implemented in PSCAD/EMTDC to carry out the DVR simulations.
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the case in a practical situation. The results for both simulations
are shown in Fig. 9. When the DVR is in operation the voltage
sag is mitigated almost completely, and the rms voltage at the
sensitive load point is maintained at 98%, as shown in Fig. 9(b).

The PWM control scheme controls the magnitude and the
phase of the injected voltages, restoring the rms voltage very ef-
fectively. The sag mitigation is performed with a smooth, stable,
and rapid DVR response; no transient overshoots are observed
when the DVR comes in and out of operation. It should be noted
that in the DVR, the dc voltage is supplied by a dc source as op-
posed to the dc capacitor used in the D-STATCOM. Several sim-
ulations were carried out to assess the performance of the DVR
as a function of short-circuit proximity. Three-phase faults via
fault resistances were applied at the A, B, and C points shown
in the test system of Fig. 8. As expected, the DVR required a
higher rating of dc storage device to provide appropriate levels
of sag mitigation when the fault was applied in point A. This
is due to the short electrical distance between the point in fault
and the DVR coupling transformer. Clearly, the controller must
be designed to satisfy the most stringent case, i.e., the voltage
sag is generated by a fault occurring quite close to the sensitive
load.

C. SSTS Simulations and Results
Fig. 10 shows the test system used to carry out the SSTS sim-

1) The first simulation contains no DVR and a three-phag#ations. The system comprises two identical feeders feeding

short-circuit fault is applied at poimA, via a fault re-

into a 13 kV-busbar. A sensitive load is connected to the busbar.

sistance of 0.662, during the period 300-600 ms. TheTlhe following simulations were carried out to assess the effec-
voltage sag at the load point is 50% with respect to tH&veness of the simple control scheme proposed in this paper for

reference voltag

e.

the SSTS:

2) The second simulation is carried out using the same sce-1) in the first experiment the SSTS is disconnected and a
nario as above but now with the DVR in operation.

The total simulation period is 900 ms. Using the facilities
available in PSCAD/EMTDC, the DVR is simulated to be in
operation only for the duration of the fault, as it is expected to be

three-phase fault is applied at the main feeder at a time
310 ms, with a fault duration of 200 ms. The magnitude

of the voltage sag due to the fault is 30%, as seen from
the rms voltage shown in Fig. 11(a);
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Fig. 10. Control scheme and test system implemented in PSCAD/EMTDC to carry out the SSTS simulations.
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Fig. 12. Waveform of the voltag®,, at the load point when the SSTS is in
operation.

one. The waveform of the voltadé, at the load point is shown
in Fig. 12.

It can be seen that when the faulted condition is registered, it
only takes a fraction of a cycle (less than 4 ms at 50 Hz funda-
mental frequency) for the SSTS to perform the transfer of load

Vrms (pu)

05 to the backup feeder, and restore the voltage to the prefault con-
0.1 0.2 0.3 0.4 0.5 0.6 0.7 ™. . .
Time (sec) dition. Arguably, there is always a load transfer delay associated
®) with SSTS applications which is a function of the fault detection

Fig. 11 VoltageVou, at the load point: () with no SSTS and (b) with theftechnique used. In our case, the health_of the voltage waveform
SSTS connected. : is checked at every peak and trough, with respect to a reference
voltage value, e.g., 90% of rated value. In alternative schemes
) ) ) o reported in the open literature, the delay incurred is higher than
2) asecond experiment was carried out using a similar @8z of 4 cycle owing to the need to perform a Fourier analysis of
nario as above but now with the SSTS in operation. Thge \oltage waveform [18]. In our SSTS scheme, if a more strin-
rms voltage at the load point is shown in Fig. 11(b).  gent load transfer criteria is required then the sampling period
The total period of simulation is 700 ms. In the simulationg,p, pe reduced with ease. The technique does not require com-
presented here, the control system monitors the maximum gjlateq software implementations. Monitoring the voltage at
minimum values of the voltage waveform at the load point eveppak values reduces the possibility of the control scheme being
half-cycle. Whenever a faulted condition in the electrical supp dversely affected by the presence of strong harmonic distor-
is detected, the triggering signals to both three-phase switchgs,

are reversed. Fig. 11(b) shows that after the disturbance has oc-
curred the rms voltage at the load point is driven back to the pre-
fault value very rapidly. It should be noted that the SSTS does
not regulate voltage neither generate/absorb reactive power, it$his paper has presented electromagnetic transient models
only function is to deactivate a faulty feeder in favor of a healthyf custom power equipment, namely D-STATCOM, DVR,

VII. CONCLUSIONS
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